Objective: Prompt bleeding control with proximal aortic clamping and subsequent aortic repair are very important for ruptured abdominal aortic aneurysm. However, unsuitable anatomy, such as short aortic neck length, not only disturbs the means to an expeditious repair, but may also increase morbidity and mortality. In the present study, we aimed to evaluate the efficacy of supraceliac aortic clamping for improving surgical outcomes for patients with ruptured abdominal aortic aneurysm, who have a short aortic neck length. Method: Between April 2010 and September 2015, eighteen patients underwent emergent open surgical repair of ruptured abdominal aortic aneurysm. Eight patients with a short aortic neck length underwent supraceliac aortic clamping, and 10 underwent infrarenal aortic clamping. Results: The mean supraceliac aortic clamping time was 30 ± 7 minutes. There was 1 operative death in the infrarenal aortic clamping group due to respiratory failure, and the overall operative mortality was 6%. There were no significant differences between the 2 groups with respect to postoperative complication rates or mortality. Furthermore, there were no significant differences in variables of renal function between the 2 groups, throughout the study period. Conclusion: Supraceliac aortic clamping was associated with minimal mortality and morbidity, but not with harmful effects on postoperative renal function. Thus, supraceliac aortic clamping can be safely applied for ruptured abdominal aortic aneurysm with short aortic neck length.
Introduction
As the mean age of our population continues to rise, the incidence of abdominal aortic aneurysm (AAA) is expected to increase concomitantly. For small aneurysms, the median rate of increase in aneurysm diameter is 0.32 cm per annum. When the diameter expands to more than 5 -6 cm, AAAs will rupture at the rate of 5% to 7% per annum; the five-year rupture rate for aneurysms 7 cm or larger is upwards of 95%. Rupture remains the most morbid and often fatal complication of AAA; thus, the early identification and efficacious management of this pathology continues to be of vital importance [1] . However, the mortality rate of open surgical repair of ruptured AAA (rAAA) remains remarkably high (range, 23% -54%) [2] - [5] , which is in contrast with the relatively good outcomes obtained for the repair of non-ruptured AAAs [5] [6] . Recently, endovascular aneurysm repair (EVAR) has been shown to be a promising alternative to open surgical repair for not only non-ruptured AAA [7] but also rAAA [2] - [4] . However, unsuitable anatomy, such as short aortic neck length, precludes EVAR, and open surgical repair is the preferred procedure for such cases. Nevertheless, there are some potential risks associated with dissection, aortic clamping, and anastomosis around short aortic necks, such as arterial embolism, second rupture, and anastomotic bleeding. We have performed supraceliac (SC) aortic clamping for the expeditious and safe repair of rAAA in patients with a short aortic neck length. In the present study, we aimed to evaluate our surgical results for rAAA, and in particular, to determine the effect of SC aortic clamping on renal function, morbidity, and outcomes compared to the effects and outcomes for infrarenal (IR) aortic clamping.
Patients and Methods
Between April 2010 and September 2015, 18 patients underwent emergent surgical repair of rAAA, including 2 cases of para-anastomotic aneurysm rupture, at Miyazaki Medical Association Hospital. Written informed consent was obtained for each patient, and the study design was approved by the Miyazaki Medical Association Hospital review board. All patients underwent open repair because our hospital did not perform EVAR for AAA until March 2015. All patients underwent preoperative computed tomography (CT), and rupture was defined as the visualization of extraluminal blood by CT. Our policy is to perform SC aortic clamping for cases of rAAA, in which patients have a short distance between the renal artery and the aneurysm (short aortic neck length), and for whom it can be difficult to achieve a precise repair with IR cross-clamping. Consequently, 8 patients (44%) underwent SC aortic clamping (SC group) and 10 (56%) underwent IR aortic clamping (IR group). Figure 1 shows a CT image of an rAAA with short aortic neck length that was evaluated in the present study.
The preoperative hemodynamic status of patients was defined according to the Rutherford classification, as follows: level 1, no hypotension; level 2, transient hypotension, with a satisfactory response to resuscitation; level 3, incomplete response to resuscitation, with persistent or recurrent hypotension and/or no restoration of Figure 1 . Computed tomography showing abdominal aortic aneurysm with visualization of extraluminal blood (white arrow) and short distance (asterisk) between the renal artery (dashed arrow) and the aneurysm. urine output; and level 4, negligible response to resuscitation [8] . The rupture type was defined according to the Fitzgerald classification, as follows: type 1 included intramural bleeding or a small hematoma; type 2 included a hematoma below the renal arteries that included the pelvis; type 3 comprised a hematoma extending above the renal arteries and into the pelvis; and type 4 comprised free blood in the peritoneal cavity detected either by CT or during the operation, or both [9] .
All surgery was performed via the transabdominal approach with the patient under general anesthesia. IR aortic clamping was performed according to standard procedures. For SC aortic clamping, the following steps were performed: Initially, the lesser sac was opened to allow opening of the diaphragmatic crura. The crura were split with electrocautery before blunt dissection of the aorta, which allows rapid and accurate clamp placement in the SC aorta. After completing the proximal anastomosis, the graft and proximal aorta were flushed by temporary removal of the aortic clamp at the SC aorta. The graft was then cross-clamped below the anastomosis, and the aortic clamp at the SC aorta was removed to restore circulation into the visceral vessels while the distal anastomosis was completed [10] . All aneurysms, excluding that of one patient with para-anastomotic aneurysm rupture who required left renal artery revascularization, were repaired with proximal anastomosis just below the renal arteries. To prevent abdominal compartment syndrome (ACS), prophylactic temporary abdominal closure (TAC) was performed by sewing a vinyl sheet to the skin to expand the abdominal compartment at the initial operation when it was difficult to achieve primary closure of the abdominal wall or when ACS was most likely to develop upon closure. Inferior mesenteric artery reconstruction was not performed in any of the cases.
Operative mortality was defined as death occurring within 30 days of surgery, regardless of whether the patient had been discharged from the hospital. All patients were followed up until September 2015.
The data are expressed as mean ± standard deviation. Statistical analyses were performed by using the t-test for continuous variables or with the χ 2 test for categorical variables. A probability value of <0.05 was considered significant. Cumulative survival was calculated by the Kaplan-Meier method with the dates of surgery and most recent followup.
Results
The preoperative characteristics of the patients are presented in Table 1 . The mean age of patients was 76 ± 9 years (range, 63 -91 years), and 5 patents were aged ≥ 80 years. Nine patients (50%) had a Rutherford classification level of 3 or 4, including 2 patients with circulatory collapse who required emergency tracheal intubation. The mean size of rAAAs was 74 ± 12 mm (range, 57 -100 mm), and the mean IR neck length was 18 ± 9 mm (range, 0 -34 mm). Fourteen patients (78%) had a Fitzgerald classification of type 3 or 4. There were no significant differences in age, ratio of elderly patients, gender, preoperative hemodynamic status, hematocrit level, or rAAA size between the 2 groups. However, the SC group had a significantly shorter IR neck length than that of the IR group (11 ± 6 mm vs. 24 ± 6 mm; P < 0.01). In addition, the SC group was characterized by patients with a rupture of Fitzgerald classification type 3 or 4, and included 2 cases of para-anastomotic aneurysm rupture. The operative data are presented in Table 2 . The mean dissection time to clamping, which was calculated from skin incision to aortic cross-clamping, was 42 ± 34 minutes (range, 17 -155 minutes). The mean SC aortic clamping time was 30 ± 7 minutes (range, 18 -40 minutes). The mean surgical time was 228 ± 75 minutes (range, 138 -436 minutes). There were no significant differences between the 2 groups with respect to the dissection time and surgical time. In addition, there were neither significant differences in reconstruction style (tube graft replacement or not) nor the amount of intraoperative red blood cell and fresh-frozen plasma transfusion between the 2 groups. Two patients in the IR group underwent TAC during the initial laparotomy because the edema precluded primary closure and there was a high likelihood of the development of ACS upon closure; these patients achieved definitive fascial closure after 2 days.
The postoperative data are presented in Table 3 . One 91-year-old patient in the IR group died of respiratory failure on postoperative day 24; thus, the overall operative mortality was 6%. Paralytic ileus occurred in 6 patients, prolonged mechanical ventilation ≥7 days was required for 3 patients, and re-exploration for bleeding was performed in one patient. Ischemic colitis occurred in one patient who underwent TAC, one month after the surgery; this case was treated conservatively and a successful outcome was achieved. There were no significant differences between the 2 groups with respect to pulmonary and gastrointestinal complications. Moreover, no ACS occurred and no patient required renal replacement therapy in either group. There was no significant difference in postoperative hospitalization duration between the 2 groups. One patient who underwent graft replacement with left renal artery revascularization due to para-anastomotic aneurysm rupture died of re-anastomotic rupture and 3 patients died of other diseases: thoracic aortic aneurysm, lung cancer, and myocardial infarction. There were no cases of renal failure requiring renal replacement therapy during followup.
The changes in renal function variables are presented in Table 4 . The preoperative mean serum blood urea nitrogen (BUN) level was 26 ± 8 mg/dL (range, 14 -50 mg/dL), serum creatinine (CR) level was 1.5 ± 0.7 mg/dL (range, 0.7 -3.3 mg/dL), and estimated glomerular filtration rate (eGFR) was 38 ± 13 mL/min/1.73m 2 (range, 14 -59 mL/min/1.73m 2 ); there were no significant differences in preoperative renal function variables between the 2 groups. At discharge, the renal function variables did not deteriorate, and the mean BUN, CR, and eGFR were 26 ± 15 mg/dL, 1.1 ± 0.4 mg/dL, and 49 ± 17 mL/min/1.73m 2 , respectively; no significant differences in renal function variables were noted at discharge between the 2 groups. Figure 2 shows the survival curves in the SC and IR groups. The overall survival rates at 1 and 3 years were 82% and 62%, respectively; there were no significant differences in the survival rates between the 2 groups. 
Discussion
Recently, EVAR has shown promise as an alternative to open surgical repair for rAAA, a procedure for which the mortality rate remains high. However, EVAR may not be suitable for all patients because of unsuitable anatomy, such as short aortic length, and open surgical repair is the preferred procedure for such cases. Here, we compared the methods of SC and IR aortic clamping by evaluating the effects and outcomes for each technique among patients with rAAA. The SC group had a significantly shorter IR neck length than that of the IR group. We found no differences in the mean dissection time, surgical time, transfusion requirements, postoperative complications, or mortality between the SC and IR groups. Furthermore, we found that, compared to IR aortic clamping, SC aortic clamping had no harmful effects on renal function. Consequently, no patients required renal replacement therapy and the overall operative mortality was 6%. Despite advances in critical care, prehospital care, anesthesia care, and postoperative techniques in recent decades, mortality after open repair of rAAA remains remarkably high [2] - [5] . EVAR has been advocated as a less invasive alternative for treatment of non-ruptured and ruptured AAAs [2] - [4] [7] . Its use avoids general anesthesia, secures proximal control with use of an aortic occlusion balloon, reduces blood loss, and circumvents the need for laparotomy in critically ill elderly patients [11] . Although randomized trials demonstrate equivalent in-hospital mortality with EVAR and open repair, large-scale, nationwide, observational studies and meta-analyses have shown EVAR to confer improved in-hospital mortality and morbidity in patients with favorable aneurysm morphology stable enough to undergo imaging [12] . However, it is reported that up to 50% of rAAA patients have anatomy unsuitable for EVAR because they have a short aortic neck length (<10 mm), large aortic neck diameter (>32 mm), steep aortic neck angulation (>60˚), or iliac artery stenosis (<6 mm). Inadequate neck length, in particular, was most commonly reason for preclusion of EVAR (in 73% of unsuitable patients) [13] . In such cases, pararenal segments or SC aortic clamping are most likely required.
It is very important to stabilize the hemodynamic status of patients and to prevent fatal complications by prompt bleeding control with proximal aortic clamping and subsequent aortic repair for rAAA. Particularly for rAAA with a short aortic neck length or juxtarenal rAAA, SC and thoracic aortic clamping are methods that may be used to control bleeding in an expeditious manner [2] [11] [14] - [16] . There are several conceivable advantages to SC aortic clamping for repair of rAAA: 1) There is a lesser extent of atherosclerotic disease in the SC aorta compared to that of the IR and pararenal segments; 2) SC aortic clamping is performed at a location distant from the aortic disease process; thus, SC clamping avoids second rupture, clamp encroachment on, or distortion of, the proximal aortic anastomotic site; 3) SC exposure can be easily and expeditiously accomplished through a transperitoneal approach; and 4) extensive mobilization or division of the left renal vein is not necessary to obtain suprarenal control [15] [17] . Considering these advantages, SC aortic clamping has also been applied to non-ruptured pararenal AAA [14] - [17] . However, SC aortic clamping causes a transitory ischemia of the abdominal visceral organs, which can cause fatal ischemic complications.
Postoperative renal dysfunction is the most common complication of aneurysm repair requiring SC aortic clamping [14] [16] [17] , and is associated with not only increased in-hospital morbidity and mortality but also adverse long-term outcomes [18] [19] . The effects of renal ischemic time and clamping level on postoperative renal function have been primarily examined in non-ruptured pararenal AAAs. With regard to the effect of renal ischemic time on postoperative renal function, Kudo et al. showed a positive linear relation between ischemic time and transient postoperative renal damage [20] , and Dubois et al. showed a linear relation between ischemic time and the likelihood of postoperative renal dysfunction [21] . With regard to the effect of clamping level on postoperative renal function, Sarac et al. showed that SC aortic clamping is associated with postoperative renal dysfunction to a greater extent than is suprarenal clamping, regardless of renal ischemic time [22] . Myers et al. showed that nitric oxide is important in maintaining renal cortical and medullary blood flow and function; in addition to the renal ischemic-reperfusion injury caused by renal blood flow interruption, superior mesenteric artery blood flow interruption induces mesenteric ischemia-reperfusion, which further results in the generation of oxygen-derived free radicals that contribute to decreased renal cortical and medullary nitric oxide synthesis [23] . They also suggested that maintaining visceral blood flow might be helpful in developing strategies to minimize renal ischemia-reperfusion injury [23] . However, if the renal ischemic time does not exceed 20 -30 minutes, postoperative renal dysfunction does not usually occur, regardless of the clamping level [14] [15] [17] . Similarly, postoperative ischemic visceral injury is rare if the visceral ischemic time does not exceed 20 -30 minutes [15] [17]. However, for patients undergoing concomitant renal or visceral revascularization for significant atheros-clerotic occlusive diseases, operative morbidity, mortality, and complication rates may be high because of preoperative organ failure, complexity of adjunctive renal or visceral revascularization, and prolonged renal/visceral ischemia [17] . In the present study, the SC aortic clamping time was 30 ± 7 minutes, and no renal artery revascularization was required, except for one case with para-anastomotic aneurysm rupture. Consequently, SC aortic clamping had no harmful effects on postoperative renal function and was associated with minimal morbidity. Although we have never applied thoracic aortic clamping to rAAA, Büket et al. reported that this technique was associated with a higher mortality rate (62.5%) than that associated with SC aortic clamping (8.3%) [15] .
The limitations of this study include its retrospective design and the small number of patients. In addition, because of patient selection bias, we cannot simply compare our results to those of previous reports; although we did not perform surgery on patients who had cardiac arrest, in some previous studies surgery was performed for such patients, and these patients were included in the analysis of overall mortality. However, in the present study, patients with preoperative shock also underwent surgery and a successful outcome was achieved.
Conclusion
We performed SC aortic clamping for rAAA in patients with a short aortic neck length. SC aortic clamping was associated with no harmful effect on postoperative renal function and with minimal mortality and morbidity compared with IR aortic clamping. Forthcoming technological advancements may make it possible to adapt EVAR for patients with unfavorable aneurysm morphology. However, until then, open surgery should be the procedure of choice for patients with unfavorable aneurysm morphology, and SC clamping is effective and safe if the visceral ischemic time is limited to 20 -30 minutes.
